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(57) ABSTRACT

A linear regulator which has a pass device coupled between
an mput voltage level and an output node, a voltage divider
circuit for generating a feedback voltage that depends on an
output voltage at the output node, and an operational ampli-
fier for controlling the pass device, the operational amplifier
receiving the feedback voltage and a reference voltage at its
inputs 1s presented. The operational amplifier has: an 1mput
stage that receives the feedback voltage and the reference
voltage at its inputs, an amplifier stage that receives an
output of the mput stage at 1ts input, and a current 1njection
circuit for sourcing current mto an intermediate node
between the input stage and the amplifier stage, or sinking
a current from the intermediate node. The disclosure further
relates to a corresponding method of operating a linear
regulator.

14 Claims, 7 Drawing Sheets
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PROGRAMMABLE TWO-WAY FAST DVC
CONTROL CIRCUIT

TECHNICAL FIELD

This disclosure relates to linear regulators (e.g., low
dropout regulators (LDOs)) and to corresponding methods
of operating linear regulators. The disclosure particularly

relates to linear regulators with fast dynamic voltage control
(DVC) capability.

BACKGROUND

With the increasing trend in wearables, internet-oi-things,
and mobile devices, energy efliciency is a critical require-
ment and must be kept as high as possible 1n order to extend
the battery lifetime of such devices. Consequently, better
power management systems capable of managing the power
consumption of these devices are required. For example, the
power consumption can be managed by decreasing the
supply voltage of digital blocks or by turning off blocks
under certain circumstances.

One way to achieve this 1s by ellectively managing the
power consumption of the system at hand by dynamically
controlling the voltage delivered to the load of the system by
means of the DVC technique. This can help the system to
switch between power states as demanded by the main CPU
and therefore reduce the overall power consumption and
dissipation when required.

However, the Miller capacitance (Miller capacitor) of
operational amplifiers used for the DVC may slow the
transitions between the different power states, which wall
eventually result 1 less pronounced power savings than

could be achieved by the DVC.

SUMMARY

There 1s a need for improved linear regulators with DVC
capability. There 1s particular need for linear regulators with
faster transition rates between different power states. There
1s Turther need for corresponding methods of operating such
linear regulators.

In view of some or all of these needs, the present
disclosure proposes a linear regulator and a method of
operating a linear regulator, having the features of the
respective independent claims.

An aspect of the disclosure relates to a linear regulator.
The linear regulator may be an LDO, for example. Further,
the linear regulator may have DVC capability. The linear
regulator may include a pass device coupled between an
input voltage level and an output node. The linear regulator
may further include a voltage divider circuit for generating,
a feedback voltage that depends on an output voltage at the
output node. The voltage divider circuit may be a (program-
mable) resistor string, for example. The linear regulator may
yet further include an operational amplifier for controlling
the pass device. The operational amplifier may receive the
teedback voltage and a reference voltage at its inputs. The
reference voltage may be a (fixed) reference voltage for the
teedback voltage. The operational amplifier may include an
iput stage (first stage) that receives the feedback voltage
and the reference voltage at 1ts mnputs. The mput stage may
be a transconductance (gm) stage for converting a voltage
differential at 1ts inputs to a current. The operational ampli-
fier may further include an amplifier stage (second stage)
that recetves an output of the mput stage at its mput. The
operational amplifier may include more than two stages 1n
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some 1mplementations. The operational amplifier may yet
turther 1include a current injection circuit for sourcing cur-
rent 1nto an intermediate node between the input stage and
the amplifier stage, or sinking a current from the interme-
diate node. The purpose of the current that 1s injected (e.g.,
sourced or sunk) by the current injection circuit may be to
compensate for current flowing through the Miller capaci-
tance of the amplifier stage.

Configured as described above, the linear regulator 1s
capable of very fast DVC. That is, the linear regulator 1is
capable of scaling the voltage delivered to the load up or
down at a very high rate and of supporting load transients
during the voltage scaling process. Quickly reacting to
changes 1n the required load also contributes to reducing
overall power consumption. Moreover, by implementing the
linear regulator described above the silicon area can be
reduced (compared to conventional linear regulators with
similar capabilities).

In some embodiments, the current injection circuit may
include a controllable current source for sourcing a current
into the intermediate node and/or a controllable current sink
for sinking a current from the intermediate node. The
controllable current source and the controllable current sink
may have adjustable current values. The adjustment may be
performed 1n discrete steps or may be a linear (1.e., continu-
ous) adjustment. For example, the controllable current
source and the controllable current sink may be current
digital-to-analog converters (current DACs or 1DACs).
Using controllable current sources, such as 1IDACs, allows to
appropriately and accurately compensate for any current
flowing through the Miller capacitance of the operational
amplifier. Thereby, a stable operating point of the amplifier
stage of the operational amplifier can be ensured, thus
improving overall speed of the operational amplifier.

In some embodiments, the current injection circuit may be
controlled 1n such manner that 1t sinks current from the
intermediate node during ramp-up of the output voltage. In
some embodiments, the current injection circuit may be
controlled 1n such manner that it sources current to the
intermediate node during ramp-down of the output voltage.
Thereby, the current flowing through the Miller capacitance
of the operational amplifier can be compensated for so that
it does not impact the operating point of the amplifier stage
of the operational amplifier.

In some embodiments, the voltage divider circuit may
have a wvariable divider ratio. In this case, the current
injection circuit may be jointly controlled with the voltage
divider circuit. For example, the (variable) divider ratio R
may be defined such that V. .=K-V ., (with K<1). Accord-
ingly, the current injection circuit works 1n conjunction with
the voltage divider circuit. Since the current flowing through
the Miller capacitance of the operational amplifier depends
on a change of the output voltage of the linear regulator, this
allows for very fast compensation of said current.

In some embodiments, the voltage divider circuit may
include a variable resistance element that 1s arranged such
that varying a resistance of the variable resistance element
changes a divider ratio of the voltage divider circuat.

In some embodiments, the current injection circuit and the
variable resistance element may operate under control of the
same control signal. That 1s, the current injection circuit and
the variable resistance element (or the voltage divider cir-
cuit, for that matter) can be said to operate under joint
control.

In some embodiments, the current injection circuit and the
variable resistance element may be jointly controlled such
that the current injection circuit sources current to the
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intermediate node when the divider ratio 1s increased. A
larger divider ratio (feedback ratio) K corresponds to a
ramp-down of the output voltage. In this case, the current
flowing through the Miller capacitance, away from an input
of the amplifier stage, can be compensated by sourcing a
current to the mput of the amplifier stage.

In some embodiments, the current injection circuit and the
variable resistance element may be jointly controlled such
that the current injection circuit sinks current from the
intermediate node when the divider ratio 1s decreased. A
smaller divider ratio (feedback ratio) K corresponds to a
ramp-up of the output voltage. In this case, the current
flowing through the Miller capacitance, into from an input of
the amplifier stage, can be compensated by sinking a current
from the input of the amplifier stage.

Another aspect of the disclosure relates to a method of
operating a linear regulator. The linear regulator may 1nclude
a pass device coupled between an 1mput voltage level and an
output node. The linear regulator may further include a
voltage divider circuit for generating a feedback voltage that
depends on an output voltage at the output node. The linear
regulator may vyet further include an operational amplifier
for controlling the pass device. The operational amplifier
may receive the feedback voltage and a reference voltage at
its mnputs. Further, the operational amplifier may include an
input stage that receives the feedback voltage and the
reference voltage at 1ts imnputs. The operational amplifier may
also 1include an amplifier stage that receives an output of the
input stage at 1ts mput. The method may include sourcing a
current into an intermediate node between the input stage
and the amplifier stage, and/or sinking a current from the
intermediate node.

In some embodiments, the current may be sourced into the
intermediate node by a controllable current source for sourc-
ing the current mto the intermediate node and/or the current
may be sunk from the mtermediate node by a controllable
current sink for sinking the current from the intermediate
node. The controllable current source and the controllable
current sink may have adjustable current values. The adjust-
ment may be performed 1n discrete steps or may be a linear
(1.e., continuous) adjustment. For example, the controllable
current source and the controllable current sink may be
1DACs.

In some embodiments, the method may include sinking
current from the intermediate node during ramp-up of the
output voltage. In some embodiments, the method may
include sourcing current to the intermediate node during
ramp-down of the output voltage.

In some embodiments, the voltage divider circuit may
have a varniable divider ratio. In this case, the method may
include jointly controlling the voltage divider circuit and a
current 1njection circuit for sourcing or sinking of the
current.

In some embodiments, the voltage divider circuit may
include a variable resistance element that 1s arranged such
that varying a resistance of the variable resistance element
changes a divider ratio of the voltage divider circuait.

In some embodiments, the method may include operating,
the variable resistance element and a current injection circuit
for sourcing or sinking of the current under control of the
same control signal.

In some embodiments, the method may include sourcing
current to the intermediate node when the divider ratio 1s

increased.

In some embodiments, the method may include sinking
current from the intermediate node when the divider ratio 1s
decreased.
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It will be appreciated that method steps and apparatus
features may be interchanged 1n many ways. In particular,
the details of the disclosed method can be implemented as an
apparatus (circuit) adapted to execute some or all or the steps
of the method, and vice versa, as the skilled person will
appreciate. In particular, 1t 1s understood that methods
according to the disclosure relate to methods of operating
the circuits according to the above embodiments and varia-
tions thereof, and that respective statements made with
regard to the circuits likewise apply to the corresponding
methods.

It 15 also understood that in the present document, the term
“couple” or “coupled” refers to elements being 1n electrical
communication with each other, whether directly connected
¢.g., via wires, or 1n some other manner (e.g., mndirectly).
Notably, one example of being coupled 1s being connected.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments of the disclosure are explained
below with reference to the accompanying drawings,
wherein like reference numbers indicate like or similar
elements, and wherein

FIG. 1 schematically illustrates an example of a linear
regulator;

FIG. 2 schematically illustrates an example of an imple-
mentation of an operational amplifier in the linear regulator
of FIG. 1;

FIG. 3 schematically illustrates another example of an
implementation of the operational amplifier 1n the linear
regulator of FIG. 1;

FIG. 4 schematically illustrates an example of a linear
regulator according to embodiments of the disclosure;

FIG. 5§ schematically illustrates an example of an imple-
mentation of a current 1mnjection circuit in the linear regulator
of FIG. 4, according to embodiments of the disclosure;

FIG. 6 schematically illustrates another example of a
linear regulator according to embodiments of the disclosure;
and

FIG. 7 schematically illustrates an example of an imple-
mentation ol a voltage divider circuit 1n linear regulators
according to embodiments of the disclosure.

DESCRIPTION

As indicated above, 1dentical or like reference numbers 1n
the disclosure indicate identical or like elements, and
repeated description thereof may be omitted for reasons of
CONCISEeness.

Broadly speaking, the present invention mvolves a pro-
grammable current digital-to-analogue converter along with
its respective digital implementation and control strategy.
Depending on the precision, area, current and speed, a
voltage- or current-based architecture can be used. Another
important feature 1s the use of a current steering system
within the DVC voltage control system to achieve very fast
transitions.

In more detail, the present invention relates to a program-
mable fast digital voltage control 1n a switching or linear
multi-stage amplifier or attenuator 1n order to overcome one
or multiple high-impedance or low-impedance nodes (such
as a miller capacitance) by 1njecting current into the respec-
tive node or steering current away from the node.

The techniques proposed by the present invention allow to
speed up the transitions between power states, both from low
to high and vice versa. That 1s, these techniques allow to
achieve very fast transitions between power states when
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scaling the voltage delivered to the load up or down, with or
without load transient. Moreover, very high voltage scaling
rates can be achieved and silicon area as well as power
consumption can be reduced. It 1s also to be noted that
implementing the proposed techniques requires minimum
modification to the multistage amplifier or attenuator in
which they are intended to be used.

FIG. 1 schematically illustrates an example of a linear
regulator 100 with DVC capability. In this example, without
intended limitation, a multi-stage linear amplifier, and 1n
particular, a PMOS implementation of a LDO 1s shown. The
linear regulator 100 comprises a pass device 10, an amplifier
(c.g., operational amplifier) 40 for controlling (a control
terminal, e.g., gate, of) the pass device 10, and a voltage
divider circuit 20 for generating a feedback voltage V ., for
the operational amplifier 40. The pass device 10 1s coupled
(e.g., connected) between an iput voltage level V., (e.g., at
an iput node of the linear regulator 100) and an output node
15 of the linear regulator 100. The output node 15 can be
coupled to an output load 90.

The operational amplifier 40 recerves the feedback volt-
age V. at one of its mputs (e.g., the non-inverting nput)
and receives a reference voltage V... (e.g., ixed reference
voltage) for the feedback voltage V . at the other one of its
iputs (e.g., the mverting mput). An output of the opera-
tional amplifier 40 1s coupled to the control terminal of the
pass device 10.

The feedback voltage V., 1s generated by the voltage
divider circuit 20 to depend on an output voltage V ,,,~at the
output node 15. The voltage divider circuit 20 has a variable
divider ratio (feedback ratio) K that determines the feedback
voltage V - 1n dependence on the output voltage V 5, via
V..=K-V .~ In one implementation, the voltage divider
circuit 20 may be a programmable resistor string. The
programmable resistor string comprises a string of at least
two resistance elements 22, 24 (e.g., resistors). Among the
resistance elements 1s a variable resistance element 22. The
other resistance element(s) 24 may have fixed resistances.
The varniable resistance element 22 i1s arranged such that
varying a resistance of the variable resistance element 22
changes the divider ratio K of the voltage divider circuit 20.
For example, the teedback voltage V .., may be tapped at an
intermediate node between the variable resistance element
22 and the other resistance element(s) 24. In this example
implementation, decreasing the resistance of the variable
resistance element 22 will increase the divider ratio K,
whereas increasing the resistance will decrease the divider
ratio K. The vanable resistance element 22 (i.e., 1ts resis-
tance) may be controlled by a DAC 25 (e.g., an 8-bit DAC)
that receives a digital control signal indicating a desired
resistance ol the variable resistance element. The digital
control signal may be provided by a control block (not
shown 1n the figure).

The linear regulator 100 further comprises an output
capacitor 96 as well as an output inductor 92 and an output
resistor 94.

Not shown 1 FIG. 1 1s a Miller capacitance (Miller
capacitor) of the operational amplifier 40. The output volt-
age regulation 1n the linear regulator 100 proceeds by means
of a negative feedback through the voltage divider circuit 20
(e.g., resistor string), which may be referred to as “slow-
loop™, and another feedback loop through the Miller capaci-
tor, which may be referred to as “fast-loop™.

FIG. 2 schematically illustrates an example of a linear
regulator 100", showing a more detailed implementation of
the operational amplifier 40. Accordingly, the operational
amplifier 40 comprises an input stage 42 (first stage) and an
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amplifier stage 44 (second stage), with an intermediate node
46 arranged 1n between. The input stage 42 receives the
teedback voltage V ., and the reference voltage V.- at 1ts
inputs. The 1nput stage 42 may be a transconductance (gm)
stage for converting a voltage differential at 1ts mput to a
current. The amplifier stage 44 receives an output of the
input stage 42 (e.g., the current produced by the input stage
42) at 1ts input. An output of the amplifier stage 44 1is
provided to the control terminal (e.g., gate) of the pass
device 10 for controlling the pass device 10. In some
implementations, the operational amplifier 40 may comprise
more than two stages.

In such case, a current 1njection circuit as described above
may be provided for each Miller capacitance of the opera-
tional amplifier.

Also shown 1n FIG. 2 1s the Miller capacitance 45 of the
operational amplifier 40 which 1s formed between the nter-
mediate node 46 and the output node 15 of the linear
regulator 100.

The generic PMOS LDOs shown 1 FIG. 1 and FIG. 2
only have an active drive-up and rely on the load 90 to pull
down. For some fields of application 1t may be desirable to
have an active pull-down as well (e.g., using transistors,
resistors, etc.).

FIG. 3 shows a linear regulator 100" that corresponds to
a more detailed (i.e., transistor-level) view of the PMOS
linear regulators of FIG. 1 and FIG. 2. The linear regulator
100" differs from the linear regulators 100 and 100" 1n that
it shows a transistor-level implementation of the operational
amplifier 40. The other elements of linear regulator 100"
may be 1dentical to corresponding ones in linear regulators
100, 100"

The operational amplifier 40 of the linear regulator 100"
comprises a lirst transistor device 60 for receiving the
teedback voltage V .., at its control terminal (e.g., gate) and
a second transistor device 62 for receiving the reference
voltage V..~ at its control terminal (e.g., gate). The opera-
tional amplifier 40 further comprises third and fourth tran-
sistor devices 64, 66 that form a current mirror. The first and
second transistor devices 60, 62 are coupled 1n parallel, each
in series with a respective one of the third and fourth
transistor devices 64, 66. The assembly of the first to fourth
transistor devices 60, 62, 64, 66 1s coupled 1n series with a
fifth transistor device 68 between V 5, and V ... Optionally,
a sixth transistor device and a seventh transistor device (not
shown 1n the figure) may be coupled 1n series between V 5,
and a node between the second and fourth transistor devices
62, 66. A voltage V, may be applied to the control terminal
(e.g., gate) of the seventh transistor device. The control
terminal (e.g., gate) of the sixth transistor device may be 1s
coupled to the control terminal of the fifth transistor device
68, to which a voltage V 5 1s applied. Further, a string of an
eighth transistor device 74 and a ninth transistor device 76,
and a string of a tenth transistor device 78 and an eleventh
transistor device 80 are coupled 1n parallel between V 5 and
V... Control terminals (e.g., gates) of the eighth and tenth
transistor devices 74, 78 are coupled to the control terminal
of the fifth transistor device 68. A twellth transistor device
82 1s coupled 1n parallel to the tenth transistor device 78,
with 1ts control terminal (e.g., gate) coupled to an output
terminal (e.g., drain in the present PMOS example) of the
tenth transistor device 78. The control terminal of the twelith
transistor device 82 corresponds to the output of the opera-
tional amplifier 40 and 1s coupled to the control terminal of
the pass device 10. The Miller capacitance 435 1s formed
between the output node 15 of the linear regulator 100" and
the atorementioned node (intermediate node) between the
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second and fourth transistor devices 62, 66. The first to
fourth transistor devices 60, 62, 64, 66, 68 may correspond
to (or form) the mput stage 42 of the operational amplifier
40. The string of the eighth and ninth transistor devices 74,
76 may correspond to (or form) the amplifier stage 44 of the
operational amplifier 40.

One challenge when performing a DVC operation (e.g., in
the linear regulators described above) 1s to cope with the
large capacitance at the output of the first stage (input stage)
of the operational amplifier due to the Miller eflect. This
capacitance will be referred to as Miller capacitance or

Muiller capacitor throughout this disclosure. The slew-rate of
the DVC will be defined by how fast the output node of the
first stage can change, since, for stability reasons, this node
1s designed to be very slow, or 1n other words, to be the
dominant pole in the system.

The present invention proposes to have a current injection
circuit (e.g., current DAC) connected to the output of the
first stage of the operational amplifier to compensate for the
current flowing through the Miller capacitor when the output
voltage 1s being dynamically scaled up or down. This way 1t
can be ensured that the operating point at the output of the
first stage and at the input of the second stage 1s kept
constant while the linear regulator (e.g., LDO) 1s dynami-
cally changing the voltage at 1ts output.

Depending on the DVC rate, the source currents and sink
currents for the Miller capacitance must be programmed 1n
a way to satisiy the desired slew-rate. That 1s, the current
injection circuit (e.g., 1IDAC) must be designed in a way to
satisty the desired slew-rate of the output voltage of the
linear regulator. This can be achieved by considering the
basic capacitor equation: 1 =C, ... *AV /At, where AV _ 1s
the voltage across the capacitor plates, At 1s the DVC time,
and C_ 1s the capacitance of the Miller capacitor.

FI1G. 4 illustrates a schematic view of a linear regulator
200 (e.g., LDO) that implements techmques according to
embodiments of the disclosure. The linear regulator 200
differs from the linear regulator 100' 1n that 1t additionally
comprises a current mnjection circuit 50 that 1s coupled to the
intermediate node 46 of the operational amplifier 40,
between the mnput stage 42 and the amplifier stage 44. The
current injection circuit 50 can source a current to the
intermediate node 46 and sink a current from the interme-
diate node 46 (one at a time). The purpose of the current
injected (e.g., sourced or sunk) by the current injection
circuit 50 1s to compensate for a current flowing through the
Miller capacitance 45 of the amplifier stage 44 1nto or out of
the intermediate node 46. In some implementations, the
current 1njection circuit 50 cooperates with the program-
mable voltage divider circuit 20.

In particular, the current injection circuit 30 1s controlled
in such manner that it sinks current from the intermediate
node 46 during ramp-up of the output voltage V ,,,. Like-
wise, the current injection circuit 50 1s controlled 1n such
manner that 1t sources current to the intermediate node 46
during ramp-down of the output voltage 46. At this, a time
sequence between commencing scaling of the output voltage
V -7 and commencing current injection 1s not of particular
importance. It 1s suilicient in embodiments of the disclosure
that current injection 1s performed during the scaling of the
output voltage V 5.+

Ramp-up of the output voltage V ,,,- may correspond to
a decrease of the divider ratio K (feedback ratio) of the
voltage divider circuit 20. Ramp-down of the output voltage
V o7/ may correspond to an increase of the divider ratio K
of the voltage divider circuit 20.
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Preferably, the current injection circuit 50 1s jointly con-
trolled with the voltage divider circuit 20 (e.g., the variable
resistance element 22). For example, the current injection
circuit 50 and the voltage divider circuit 20 (e.g., the
variable resistance element 22) may operate under control of
the same (digital) control signal. In line with the above
considerations pertaining to the divider ratio K, the current
injection circuit 50 and the variable resistance element 22
are jointly controlled such that the current 1njection circuit
50 sources current to the intermediate node 46 of the
operational amplifier 40 when the divider ratio K 1s
increased. On the other hand, the current injection circuit 50
and the voltage divider circuit 20 (e.g., the variable resis-
tance element 22) are jointly controlled such that the current
injection circuit 50 sinks current from the intermediate node
46 when the divider ratio K 1s decreased. The linear regu-
lator may include a control block (not shown 1n the figures)
for implementing this joint control. The control block may
be coupled to the current injection circuit 30 and the voltage
divider circuit 20 (e.g., the variable resistance element 22)
and may 1ssue a (digital) control signal to each of the current
injection circuit 50 and the voltage divider circuit 20.

To implement the current injection capability, the current
injection circuit 50 can include a controllable current source
for sourcing a current into the intermediate node 46 and a
controllable current sink for sinking a current from the
intermediate node 46, respectively. Therein, 1t 1s understood
that only one of the controllable current source and the
controllable current sink i1s active at a time. Moreover, the
controllable current source and the controllable current sink
are understood to have adjustable current values that are
adjusted under control of a control signal (e.g., a digital
control signal). This adjustment can be performed 1n discrete
steps or can be linear (1.e., continuous).

The current 1njection circuit 50 can be implemented as a
current digital-to-analog converter. The current digital-to-
analog converter can in turn be implemented using any of
the known DACs architectures, such as like binary weighted
DAC, current steering DAC, etc., for example. In some
implementations, the controllable current source and the
controllable current sink of the current injection circuit 50
can be 1DACsS.

As noted above, the voltage divider circuit 20 can be
implemented by a resistor string or resistor ladder. The
resistor ladder can be of any type, such as binary weighted,
R-2R ladder, segmented ladder, etc., for example. A com-
bination of the mmplementations of the current injection
circuit 30 and the voltage adjustment circuit 20 can be used
to balance the advantages and disadvantages of the men-
tioned architectures. The choice of the architecture and
control may be based on requirements as to precision, area,
current consumption, and speed, for example. For the sake
of simplicity, examples discussed in the present disclosure
use, without intended limitation, a fully segmented binary
weighted resistor string 1n a linear regulator (e.g., LDO).
Such resistor string 1s schematically illustrated 1n the
example of FIG. 7, which shows a detail of the linear
regulator 1llustrated, e.g., 1n FIG. 1.

A specific example implementation of the current injec-
tion circuit 50 1s schematically illustrated 1n FIG. 5. The
linear regulator 200' shown 1n this figure may be 1dentical to
the linear regulator 200 of FIG. 4, apart from the imple-
mentation of the current injection circuit 30. In this example,
the current injection circuit 50 comprises a first 1IDAC 352
acting as the programmable current source and a second
1IDAC 34 acting as the programmable current sink. Both
1IDACs are coupled to the intermediate node 46 of the
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operational amplifier 40. The 1DACs may operate under
control of a (digital) control signal.

FIG. 6 shown a section of a linear regulator 200" that
corresponds to a more detailed (transistor-level) view of the
PMOS linear regulators of FIG. 4 and FIG. 5. Apart from the
tact that 1t includes the current 1injection circuit 50, the linear
regulator 200" may be 1dentical to the linear regulator 100"
illustrated 1n FIG. 3, and repeated discussion of elements
thereol may be omitted for the sake of conciseness. This
figure also illustrates the mput stage 42 and the amplifier
stage 44 of the operational amplifier 40 1 terms of the
transistor devices forming the respective stages.

The present disclosure also relates to a corresponding
method of controlling a linear regulator. The linear regulator
may be configured as described above, 1.e., 1t may comprise
the pass device 10 coupled between the 1nput voltage level
V ,.-and the output node 15, the voltage divider circuit 20 for
generating the feedback voltage V., that depends on the
output voltage V ., at the output node 15, and the opera-
tional amplifier 40 for controlling the pass device 10. As
above, the operational amplifier 40 receives the feedback
voltage V . and the reference voltage V. at 1ts mputs and
comprises the mput stage 42 that receives the feedback
voltage V . and the reference voltage V. at 1ts mnputs and
the amplifier stage 44 that receives an output of the input
stage 42 at 1ts input. For operating such linear regulator, the
method comprises sourcing a current into an intermediate
node between the iput stage and the amplifier stage, or
sinking a current from the intermediate node.

Further details and implementations of the proposed
method become apparent from the above description of
linear regulators according to embodiments of the disclo-
sure. It 1s understood that functionalities of the elements of
the linear regulators described above readily translate into
respective method steps of operating these linear regulators.

Transient simulations were performed to prove the con-
cept of this mnvention. Sumulations have been performed for
both DVC up and down and at two diflerent slew-rates: 20
mV/us and 25 mV/us with 4 steps and 16 steps. In addition
to thus, a load step was simulated during DVC up to prove
that DVC 1s maintained even if the linear regulator (e.g.,
L.DO) experiences any sudden load transient.

In the absence of the proposed technique, a conventional
linear regulator (e.g., LDO) may struggle to DVC up from,
e.g., 2.5V to 3.0V. This 1s due to the main loop action. For
example, a conventional linear regulator may take around
150 ms to go from 2.5V output voltage to 3.0V output
voltage. Using the proposed technique for speeding up
DVC, a linear regulator may only take 5 us to go from 2.5V
output voltage to 3.0V output voltage.

It should further be noted that the description and draw-
ings merely 1llustrate the principles of the proposed circuits
and methods. Those skilled in the art will be able to
implement various arrangements that, although not explic-
itly described or shown herein, embody the principles of the
invention and are included within 1ts spirit and scope.
Furthermore, all examples and embodiment outlined 1n the
present document are principally intended expressly to be
only for explanatory purposes to help the reader 1n under-
standing the principles of the proposed method. Further-

more, all statements herein providing principles, aspects,
and embodiments of the invention, as well as specific
examples thereof, are itended to encompass equivalents
thereof.
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What 1s claimed 1s:

1. A linear regulator, comprising:

a pass device coupled between an 1nput voltage level and
an output node;

a voltage divider circuit for generating a feedback voltage
that depends on an output voltage at the output node;
and

an operational amplifier for controlling the pass device,
the operational amplifier recerving the feedback volt-
age and a reference voltage at 1ts 1nputs,

wherein the operational amplifier comprises:

an mput stage that receives the feedback voltage and the
reference voltage at 1ts 1nputs;

an amplifier stage that receives an output of the input
stage at its put;

a current injection circuit for sourcing current into an
intermediate node between the mput stage and the
amplifier stage, or sinking a current from the interme-
diate node; and

a Miller capacitance that 1s formed between the interme-
diate node and the output node,

wherein the current 1njection circuit 1s for compensating
for current flowing through the Miller capacitance,

wherein the voltage divider circuit comprises a variable
resistance element that 1s arranged such that varying a
resistance of the variable resistance element changes a
divider ratio of the voltage divider circuit, and

wherein the current injection circuit and the varnable
resistance element operate under control of the same
control signal.

2. The linear regulator according to claim 1, wherein the
current 1njection circuit comprises a controllable current
source for sourcing a current into the intermediate node
and/or a controllable current sink for sinking a current from
the intermediate node.

3. The linear regulator according to claim 2, wherein the
controllable current source and the controllable current sink
are 1IDAC:s.

4. The linear regulator according to claim 1, wherein the
voltage divider circuit has a varniable divider ratio; and

wherein the current 1njection circuit 1s jointly controlled
with the voltage divider circuait.

5. The linear regulator according to claim 1, wherein the
current 1njection circuit and the variable resistance element
are jointly controlled such that the current 1njection circuit
sources current to the intermediate node when the divider
ratio 1s increased.

6. The linear regulator according to claim 1, wherein the
current injection circuit and the variable resistance element
are jointly controlled such that the current 1njection circuit
sinks current from the intermediate node when the divider
ratio 1s decreased.

7. The linear regulator according to claim 1, wherein the
current 1njection circuit 1s controlled in such manner that 1t
sinks current from the intermediate node during ramp-up of
the output voltage.

8. The linear regulator according to claim 1, wherein the
current 1njection circuit 1s controlled in such manner that 1t
sources current to the intermediate node during ramp-down
of the output voltage.

9. A method of operating a linear regulator, wherein the
linear regulator comprises:

a pass device coupled between an 1nput voltage level and

an output node;

a voltage divider circuit for generating a feedback voltage
that depends on an output voltage at the output node;
and
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an operational amplifier for controlling the pass device,
wherein the operational amplifier receives the feedback
voltage and a reference voltage at 1ts mputs and com-
prises: an mput stage that receives the feedback voltage
and the reference voltage at its inputs, an amplifier
stage that receirves an output of the mput stage at its
input, and a Miller capacitance that 1s formed between
an intermediate node between the mput stage and the
amplifier stage and the output node,

the method comprising:

sourcing a current into the itermediate node, or sinking
a current from the intermediate node, for compensating
for current flowing through the Miller capacitance,

wherein the voltage divider circuit comprises a variable
resistance element that 1s arranged such that varying a
resistance of the varnable resistance element changes a
divider ratio of the voltage divider circuit, and

the method further comprising:

operating the variable resistance element and a current
injection circuit for sourcing or sinking of the current
under control of the same control signal.
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10. The method according to claim 9, wherein the current

1s sourced into the intermediate node by a controllable
current source for sourcing the current into the intermediate
node and/or the current 1s sunk from the mtermediate node
by a controllable current sink for sinking the current from
the intermediate node.

11. The method according to claim 10, wherein the

controllable current source and the controllable current sink
are 1DAC:s.

12. The method according to claim 9, wherein the voltage

divider circuit has a variable divider ratio; and

the method comprises:

jointly controlling the voltage divider circuit and a current
injection circuit for sourcing or sinking of the current.

13. The method according to claim 9, comprising:

sourcing current to the intermediate node when the
divider ratio 1s increased.

14. The method according to claim 9, comprising:

sinking current from the intermediate node when the
divider ratio 1s decreased.

G s x ex e
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